The hippocampus, an integral component of the corticolimbic circuitry of the brain, has been recently Implicated in the pathophysiology of schizophrenia. This article has employed quantitative morphometric techniques to determine whether abnormalities of posterior hippocampal cross-sectional area, as well as the number, size, and degree of disarray of pyramidal neurons were present in 9 control and 14 schizophrenic subjects. Seven schizophrenic patients showed evidence of superimposed mood disturbance (schizoaffective type), while the remaining seven were a mixture of paranoid, undlfferentiated, and catatonic types. All morphometric measurements were conducted under strictly blind conditions; stepwise multiple regression and analyses of covariance were used to evaluate the effects of various confounding variables. There were no differences in the cross-sectional size of the hippocampus or degree of neuronal disarray between the two groups. Similarly, the number of pyramidal neurons was also the same in sectors Cornu Ammonis (CA) 2, CA 3, and CA 4 for the controls and schizophrenic subjects. In CA 1, the schizophrenic subjects without mood disturbances showed a significant reduction (36%) of pyramidal neuron numbers when compared with those of both controls and patients with mood disturbance. Pyramidal neurons were smaller in all sectors of the schizophrenic specimens, CA 1 (P £ 0.01), CA 2 (p £ 0.01), CA 3 (p ^ 0.01), and CA 4 (/> ^ 0.005), but there were no differences with respect to the presence of mood disturbances. Corrections for the effects of age, postmortem interval, fixation interval, hypoxia, and neuroleptic exposure did not alter the pattern in the data. The significance of a smaller size of hippocampal pyramidal neurons in this group of schizophrenic specimens is unclear, but it is consistent with the suggestions of other laboratories that there may be altered function of this brain region in chronically psychotic individuals.
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Recent investigations have implicated the hippocampus in the pathophysiology of schizophrenia. The three principal findings in the hippocampal formation have included generalized atrophy (Bogerts et al. 1985; Jeste and Lohr 1989; Suddath et al. 1990 ), pyramidal neuron loss Falkai and Bogerts 1986; Jeste and Lohr 1989) , and pyramidal neuron disarray (Kovelman and Scheibel 1984) . When these findings are considered together, they suggest that the normal functioning of the hippocampus may be altered in schizophrenic brain. Generally speaking, the hippocampal formation is part of the limbic system, but, more specifically, it forms an important loop of connections with the cingulate cortex, the mammillary bodies, and the anterior nucleus of the thalamus (Papez 1937) . This so-called loop of Papez is believed to be involved in the integration of affective experience with higher cognitive function (Papez 1937) . Thus, the observation of abnormalities in a component of this circuit may explain some of the core features of the schizophrenic syndrome (Benes 1988) .
the framework of several methodological flaws that were generally present (Benes et al. 1986; Benes 1988) . For example, the earlier studies were generally not conducted under blind conditions, diagnostic consistency was probably low, inadequate controls were usually employed, and the effects of confounding variables were not taken into account (Benes et al. 1986; Benes 1988) .
Today, these various design defects can be routinely corrected in studies of schizophrenic brain (Benes 1988) ; thus, it is likely that meaningful differences between normal individuals and schizophrenic patients, if present, will eventually be elucidated. We have sought to determine whether the three recent findings in schizophrenic hippocampus described above also occur in a separate series of brains. The studies described below have measured cross-sectional area of posterior hippocampus, as well as pyramidal neuron numbers, size, and disarray. In addition, the schizophrenia cases included in these investigations have been subtyped according to the presence or absence of superimposed mood disturbances, as an initial step toward assessing whether there are microscopic counterparts to the heterogeneity of this disorder.
Material and Methods

Postmortem Brain
Tissue. Hippocampal tissue from postmortem specimens was obtained through the Human Brain Tissue Resource Center, McLean Hospital, Belmont, Massachusetts. Tissue samples were taken from 9 control subjects and 14 schizophrenic patients. All patient records were reviewed postmortem and a psychiatric diagnosis was established according to the criteria described by Feighner et al. (1972) . In addition, patients who qualified for the diagnosis of schizophrenia were further categorized according to the presence or absence of mood disturbances as defined in DSM-111-R (American Psychiatric Association 1987).
Potential confounding variables were determined from the clinical records; they included age, the postmortem interval between death and autopsy, the fixation interval, neuroleptic exposure expressed as the chlorpromazine equivalent daily dose for a period of 4 weeks before death, and the presence and degree of hypoxic insult (Benes et al. 1986) . A qualitative scale was applied to patient records to rate the extent of hypoxia and was used later for statistical analyses (Benes et al. 1986 ). The scale consisted of two components, degree of severity and duration of hypoxic insult, each measured from 0 to 4, which were multiplied together to arrive at a hypoxia index.
Most control subjects and schizophrenic patients died from cardiopulmonary causes, such as cardiogenic shock, pulmonary embolus, myocardial infarction, and pneumonia. Three of the psychotic patients committed suicide: one died from a gunshot wound to the chest and two from strangulation. One patient died with an acute subarachnoid hemorrhage, but the brain area used in this study was not affected.
Tissue Handling. During autopsy, all tissue samples were placed in 4 percent formaldehyde in 0.1 M phosphate buffer (pH 7.4). The blocks were cut from the posterior hippocampus at the level of the lateral geniculate nucleus and pulvinar. The tissues were sectioned at a thickness of 20 /im and 50 /im with an Oxford vibratome to eliminate tissue shrinkage caused by dehydration and embedding. The sections were mounted on gelatin-coated slides, stained with 0.1 percent cresyl violet (Nisslstaining), dehydrated through a graded series of ethanol and xylene, and then coverslipped with Permount.
Morphometric Analyses. Following slide preparation, sections from psychotic patients and control subjects were randomly arranged and codified. All morphometric measurements were completed under strictly blind conditions. Reliability checks were performed before actual data collection to ensure experimenter accuracy and to minimize experimenter variance to less than 1 percent.
Hlppocampal cross-sectional area determination. The cross-sectional area of the hippocampal formation was determined using 50 (im sections from control and schizophrenic specimens. A camera lucida projection system was used for direct tracing within constant and specified boundaries. The area measurement included sectors Comu Ammonis (CA) 1 to 4, the area dentata, and the subiculum to a point where it was intersected by a line drawn tangential to the surface of the hippocampal formation and forming a right angle with the subicular surface (see figures 1 and 2). The area of each hippocampal specimen was determined using a Hipad digitizing board interfaced with a Wyse 286 PC computer equipped with Bioquant Image Analysis Systems (R & M Biometrics, Nashville, Tennessee).
Cell orientation determination. Measurements of pyramidal-cell on- entation were performed on 20 /xm sections at the boundary between CA 1 and the prosubiculum (figure 3) based on the method described by Kovelman and Scheibel (1984) . Kovelman and Scheibel found this interface to be the main site of cell disarray for schizophrenic patients. The specimens were photographed with a 10 X objective and printed to a final magnification of 130 X . The ventricular surface was present in each micrograph to serve as a reference point. A reference line was drawn as a tangent to the ventricular surface. Diagonal lines were drawn from each corner of the photograph to its opposite corner. A perpendicular to the ventricular reference line was then extended to the intersection of the two diagonal lines. If the lamina were relatively thin, this procedure would not result in a minimum of three neurons per quadrant. In this case, the photograph was then divided at the midpoint and diagonal lines were drawn from each corner of the smaller rectangle. In either procedure, four quadrants were established with the perpendicular reference line passing through the center of the photograph.
The angle of deviation was determined for the four pyramidal neurons within each quandrant that were closest to the center of the intersecting diagonals. A total of 12 neurons were measured for each sample. Pyramidal cell orientation was determined as the angle formed between the long axis of the pyramidal cell and the reference line. The long axis of the pyramidal cell was determined by joining the midpoint of the basal side of the cell body to the tip of the visible apical dendrite.
When the orientation of pyramidal cells was perpendicular to the ventricular surface, a value of zero degrees was assigned. A mean of the 12 orientation values was calculated for each sample.
Neuronal cell number determination. Each 20 nm section of the hippocampal samples was divided into four sectors-CA 1, CA 2, CA 3, and CA 4-according to the criteria established by Lorente de No (1934) . The pyramidal neurons in each of the four sectors were manually counted within each sample using a 25 X objective. The criteria that were used to distinguish neurons from glia included the presence of Nisslstaining cytoplasm, nucleoli, Nisslpositive dendrites, and nuclei containing euchromatin, but not heterochromatin, material. Accurate descriptions of sector boundaries were noted to minimize overlap in cellnumber measurements. Determinations of pyramidal-cell numbers were made by entering the position of each cell through the Bioquant Image Analysis System described above.
Neuronal cell size determination. Measurements of pyramidal neuronsize were obtained using a 100 X objective. The first 20 nonoverlapping neurons encountered within each sector were traced using the Bioquant Image Analysis System. The tracings were simultaneously entered into the computer through the digitizing board, and the area of each neuron was determined (/im 2 ). A mean and standard error of the mean (SEM) for these 20 areas were obtained for each section.
Data Analysis. A Student f-test (two-tailed) was performed for all morphometric variables to assess the differences between the control and psychotic groups. While multiple comparisons were performed, a Bon- Pearson product-moment correlations were computed for the morphometric variables with respect to the confounding variables. Stepwise multiple regression analysis (sMRA) was employed to assess the cumulative percent variance (R m 2 ) of all confounding variables on the measurements that significantly differentiated between the two groups (Kim and Kohout 1975a). Multiple classification analysis (MCA) was used to determine the adjusted means for these measurements after we normalized the confounding variables in one group with respect to the other group (Kim and Kohout 1975b).
Results
Gross and microscopic examination of the histological sections before measurement did not reveal any differences between control and schizophrenic specimens.
Controls vs. Schizophrenic Specimens. Measurement of the cross-sectional area of the posterior hippocampai formation did not yield any significant differences between control and schizophrenic specimens (table 1). In the schizophrenic sped- son product-moment correlation coefficients were calculated between all morphometric and confounding variables (table 6) . Age was negatively correlated with cell numbers in CA 4 (p ^ 0.05) and hippocampal crosssectional area (p ^ 0.05), which is in accordance with previously reported data (Mani et al. 1986 ). The fixation interval was positively and significantly correlated with neuronal-cell size in CA 1 (p 0 .01), CA 3 (p ^ 0.02), and CA 4 (p ^ 0.05), and hypoxia was negatively correlated with cell numbers in CA 4 (p ^ 0.01).
The potential effect of the fixation interval and the other confounding variables on the observed neuronal cell size differences was estimated with sMRA. As expected, the fixation interval accounted for most of the variance (R m 2 ) in the data (tables 7 and 8). The cumulative percent variance attributable to confounding effects ranged from 19 to 41 percent; however, the adjusted meansobtained analysis of covariance (ANCOVA) showed a persistence of smaller pyramidal neurons in the schizophrenic specimens (tables 7 and 8).
Discussion
Hippocampal Size and Neuronal Cell Counts. Analyses of the Vogt Collection in Dusseldorf, West Germany, have revealed reduced size (Bogerts et al. 1985) and diminished neuronal numbers Falkai and Bogerts 1986) in the hippocampus of schizophrenic patients. These data have suggested the possibility that a degenerative process may be occurring in the hippocampal formation of schizophrenic patients and this, in turn, might influence the activity of other limbic structures with which the hippocampus is connected (Bogerts et al. 1985 Falkai and Bogerts 1986; Jeste and Lohr 1989; Suddath et al. 1990 ). Since stress-induced secretion of glucocorticoids has been shown to cause neuronal degeneration in the hippocampus (Sapolsky 1986), the stress of unremitting psychosis may account for the hippocampal atrophy reported by others (Bogerts et al. 1985; Jeste and Lohr 1989; Suddath et al. 1990) , particularly since the patients studied did not benefit from neuroleptic treatment.
It is not clear, however, why we have been unable to show changes similar to those found by others (Bogerts et al. 1985 Falkai and Bogerts 1986; Jeste and Lohr 1989; Suddath et al. 1990 ) in the hippocampus of schizophrenic patients treated with neuroleptics. Technical differences between the current study and those cited above (Bogerts et al. 1985 Falkai and Bogerts 1986; Jeste and Lohr 1989; Suddath et al. 1990 ) might explain these discrepant results.
For example, the two previous reports used the entire anterior-toposterior extent of the hippocampus, so that the actual volume of the hippocampus and the total neuronal numbers could be estimated. In our study, it was not possible to procure the entire hippocampus; thus, we determined the area and neuronal numbers from cross-sectional profiles. While such transverse sections Pyramidal-Cell Orientation. The third finding in the hippocampus of schizophrenic patients that has been reported is neuronal disarray (Kovelman and Scheibel 1984) . We have attempted to replicate this finding by using Kovelman and Scheibel's procedure. While the data reported here do not show significant differences in the amount of disarray noted in schizophrenic patients, the angle of deviation found for the patients was slightly higher (5.7%) than that observed for the control group. Whether another sample of patients might show more striking differences is unclear, but it is conceivable that sampling issues could account for the discrepant results. Two other studies, however, also have been unable to demonstrate significant disarray of pyramidal neurons in the hippocampus of schizophrenic patients (Altschuler et al. 1987; Christison et al. 1989 ).
Cell Size. Neuronal-cell size was significantly different between the control and schizophrenic specimens for all sectors of the hippocampus. The fixation interval was positively correlated with neuronal-cell size in each of the four sectors. Since a longer fixation interval would tend to decrease cell size, the fact that the length of fixation was shorter for the schizophrenic patients indicates that the size of neurons in this group would have been larger, rather than smaller, if this factor was differentially influencing the tissues. Thus, it seems unlikely that this potentially confounding factor actually influenced cell size; the correlation observed was probably caused by random associations.
It is noteworthy that there were no differences in pyramidal-neuron size between schizophrenic patients with superimposed mood disturbances and those with no mood disturbances. This observation has two mutually exclusive interpretations. The first possibility is that schizophrenic patients with and without mood disturbances may have a similar disorder with an overlapping pathophysiological mechanism. The second possibility is that patients with schizophrenia and schizoaffective disorder may have different diseases, but their brains are similarly affected by common factors such as neuroleptic exposure or long-standing psychosis.
Two points, however, argue against this latter possibility. First, there was no correlation of age or neuroleptic exposure with neuronalcell size. Second, two younger pa- tients without any known neuroleptic exposure also showed small pyramidal-neuron size. Thus, taken together, these points argue against the possibility that the small neuronal size was caused by the effects of neuroleptics and/or chronic psychosis.
With regard to the possibility that this finding might reflect a pathophysiologic factor common to the two subtypes of schizophrenia, studies of first-degree relatives of patients with schizophrenia and schizoaffective disorder have suggested that the two disorders may have different patterns of inheritance (Coryell 1986) . Although this theory may imply that the etiology of the two disorders is different, it does not, however, exclude the possibility that certain aspects of schizophrenia and schizoaffective disorder may be similar. To resolve this question, further postmortem studies of schizophrenic patients with and without superimposed mood disturbance will be required. 
Conclusions
While our study has not shown differences in the hippocampus similar to those reported by others (Kovelman and Scheibel 1984; Bogerts et al. 1985 Bogerts et al. , 1986 Falkai and Bogerts 1986; Jeste and Lohr 1989; Suddath et al. 1990 ), the posterior location of our hippocampal specimens may account for this discrepancy. Nevertheless, we noted abnormalities in pyramidal-neuron size, a finding consistent with the idea that disturbances in this brain region may be present in patients with chronic psychosis. Future studies will seek to determine whether reduced pyramidalneuron size in hippocampus can be replicated in another sample of schizophrenic and schizoaffective patients. In addition, it would be useful to know whether other alterations previously reported in cingulate cortex, such as reduced neuronal density (Benes et al. 1986 ), decreased size of neuronal aggregates in layer II , and increased vertical axon counts can also be found in the cortex of schizoaffective patients. The inclusion of various subtypes of schizophrenia in subsequent postmortem investigations may help determine whether schizophrenia is indeed a collection of illnesses with heterogeneous etiologies or whether patients with unremitting psychosis are in some respects a homogeneous group of individuals with some common pathophysiologic features.
